Background: Postoperative non-cardiac complication rates are as high as 11-28% after high-risk abdominal procedures. Emerging evidence indicates that postoperative cardiac troponin T elevations are associated with adverse outcome in noncardiac surgery. The aim of this study was to determine the relationship between postoperative high-sensitive cardiac troponin T elevations and non-cardiac complications in patients after major abdominal surgery. Methods: This prospective observational single-centre cohort study included patients at risk for coronary artery disease undergoing elective major abdominal surgery. Cardiac troponin was measured before surgery and at day 1, 3, and 7. Multivariable logistic regression analysis was performed to examine the adjusted association for different cut-off concentrations of postoperative myocardial injury and non-cardiac outcome. Results: In 203 patients, 690 high-sensitive cardiac troponin T measurements were performed. Fifty-three patients (26%) had a non-cardiac complication within 30 days after surgery. Hospital mortality was 4% (8/203). An increase in cardiac troponin T concentration ≥100% compared with baseline was a superior independent predictor of non-cardiac postoperative clinical complications (adjusted odds ratio 4.3, 95% confidence interval 1.8-10.1, P<0.001) and was associated with increased length of stay (9 days, 95% confidence interval 7-11 vs 7 days, 95% confidence interval 6-8, P=0.004) and increased hospital mortality (12 vs 2%, P=0.028). Conclusions: A postoperative high-sensitive cardiac troponin T increase ≥100% is a strong predictor of non-cardiac 30 day complications, increased hospital stay and hospital mortality in patients undergoing major abdominal surgery. ClinicalTrials.gov Identifier: NCT02150486.
Editor's key points
• Increases in cardiac troponin T (cTnT) are associated with worse cardiac outcomes after major surgery.
• This study investigated postoperative cTnT and outcome in high-risk patients undergoing abdominal surgery.
• A doubling of cTnT was associated with increased noncardiac complications, length of stay and mortality.
• A doubling of cTnT compared with baseline was more predictive than absolute values.
• Increased cTnT appears to predict both cardiac and non-cardiac outcomes after major surgery.
Successful recovery from major abdominal surgery is frequently disturbed by the emergence of postoperative complications. Despite the development of new surgical techniques and improvements in anaesthesia management and postoperative care, complication rates in the literature remain as high as 11-28% after high-risk abdominal procedures. [1] [2] [3] The occurrence of an adverse event after surgery has a major impact on a patient's personal and economic life, because it often disables their physical well-being and leads to a prolonged recovery during and after hospital admission. For decades, doctors and researchers have been trying to unfold the pathophysiological mechanisms of postoperative complications. In this regard, many studies have focused on perioperative myocardial ischaemia, because it is a leading cause of postoperative morbidity and mortality after non-cardiac surgery. [4] [5] [6] [7] Postoperative cardiac troponin (cTn) measurements are an important test for the detection of myocardial ischaemia. Recent findings indicate that elevated cTn concentrations can be present in >10% of patients after major non-cardiac surgery. 8 9 Currently, mild elevations in postoperative cTn concentrations are often dismissed as non-relevant in the absence of additional signs of myocardial ischaemia (e.g. clinical symptoms or abnormal findings on electrocardiography); however, emerging evidence indicates that such cTn elevations, referred to as myocardial injury, are associated with adverse outcome. [8] [9] [10] [11] [12] [13] In the Vascular Events
In Non-cardiac Surgery Patients Cohort Evaluation (VISION) trial, peak postoperative fourth-generation cTnT concentrations in >15 000 patients after major non-cardiac surgery were associated with increased 30 day mortality. 8 In the VISION trial, patients with cTnT concentrations >20 ng litre −1 already had a more than two-fold increased risk of postoperative death. 8 An interesting finding of that study was that peak cTnT concentrations equally predicted death after surgery as a result of cardiovascular and non-cardiovascular causes. Based on these results, one might argue that myocardial injury is at least partly involved in the aetiology of important complications after abdominal surgery, such as anastomotic dehiscence, pneumonia, or wound infection. The present study was initiated to gain further insight into the possible influence of asymptomatic myocardial injury on non-cardiac outcome in patients after major abdominal surgery.
Methods

Study design
The MICOLON (Myocardial Injury and Complications after major abdominal surgery) study is a prospective, single-centre, observational cohort study on the association between fifth generation high-sensitive cTnT concentrations and non-cardiac outcome after major abdominal surgery in patients at risk for coronary artery disease. Recruitment took place between June, 2012 and February, 2014 at St Antonius Hospital, Nieuwegein, The Netherlands, an 880-bed teaching hospital. The local medical ethics committee approved the study protocol.
Patient eligibility
Patients were eligible to enter the study if they were to undergo elective major abdominal surgery with an expected postoperative mortality rate >3%, 14 
Study procedure
Patients eligible for the study were identified at the outpatient preoperative anaesthesia clinic. Patients were examined and screened for cardiac risk factors by an anaesthesia resident or a dedicated screening nurse. Results of preoperative laboratory tests, data on patient characteristics, and preoperative use of cardiovascular drugs (i.e. statin, β-blocker, platelet inhibitor, calcium antagonists, angiotensin-converting enzyme inhibitor, and angiotensin receptor blocker) were noted. Before any study procedure, written informed consent was obtained from all patients. During the study period, blood was collected for plasma cTnT measurements after induction of general anaesthesia (baseline) and on the first, third, and seventh postoperative day. All plasma samples were frozen and stored at −20°C at the hospital's laboratory until analysis. Cardiac troponin T batch analysis was performed every 3 weeks with the use of a fifth generation Elecsys Troponin T high-sensitive assay on an automated Cobas 6000 platform (Roche Diagnostics, Mannheim, Germany). The limit of detection of this high-sensitive assay was determined at 3 ng litre −1 with a 99th percentile upper reference limit of 14 ng litre −1
.
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In addition, plasma creatinine concentrations were measured in each sample with an enzymatic method on the same automated platform (Roche Diagnostics). An estimated glomerular filtration rate (eGFR) was calculated from plasma creatinine values using the Modification of Diet in Renal Disease (MDRD-4) formula. 16 During the entire study period, daily routine quality control samples for cTnT and creatinine ensured comparable patient data across different reagent lots. After analysis, the samples were stored at −80°C. Surgical procedures were performed under general anaesthesia or a combination of general and epidural anaesthesia. Anaesthesia management was left to the discretion of the attending anaesthetist. According to hospital protocol, patients undergoing gastric-oesophageal, pancreatic, or hepatic surgery and patients aged ≥80 yr or with an ASA grade ≥III were admitted to an intensive care unit after surgery for at least 24 h. To improve postoperative recovery, all patients were treated according to the current Enhanced Recovery After Surgery (ERAS) guidelines (http://www.erassociety.org/index.php/eras-guidelines/erassociety-guidelines, accessed 23 January, 2015) .
During the postoperative period, research personnel performed patient visits, reviewed medical charts, and noted complications. During this period, research personnel were blinded to the cTnT results. At 30 days after surgery, cTnT results were reported to the researchers, and a follow-up telephone interview was conducted with all patients who were discharged from the hospital at that time. For the purpose of this interview, a set of standardized questions were used regarding the occurrence of a non-cardiac complication. If a complication had occurred, medical details were retrieved from the treating physicians. Information from routine postoperative clinic visits was used if patients could not be reached by telephone. Follow-up was completed for 99.5% (202/203) of patients alive at 30 days after surgery. Noted end-points were judged by an event committee (D.B. and A.J.M.) that was blinded to the cTnT results.
Interpretation of cardiac troponin T results
Fifth generation high-sensitive cTnT assays facilitate troponin T measurements at very low concentrations (i.e. ≥3 ng litre −1 ) because of greater analytical sensitivity and precision compared with fourth generation assays. In this study, we used an hscTnT assay to determine a baseline value in each study patient before surgery. This is important because the presence of cTnT has previously been established in apparently healthy individuals and patients with stable cardiac disease. 17 18 Postoperative cTnT measurements were interpreted according to peak concentrations (i.e. highest postoperative cTnT concentration) and changes compared with baseline (i.e. absolute and relative differences in cTnT concentration between peak concentration and baseline). Results on postoperative peak cTnT concentrations and increases in cTnT compared with baseline were subsequently used to determine the optimal cut-off value for the association between cTnT elevations and adverse non-cardiac outcome.
End-point definition
The primary end-point of the study was the occurrence of any of the following non-cardiac events within 30 days after surgery: mortality, defined as death without cardiovascular origin; sepsis, defined as systemic inflammatory response syndrome (SIRS) 19 
Statistics
Data were analysed using IBM SPSS Statistics 22.0 software. Continuous data are presented as the mean () if normally distributed. In the case of abnormal distribution, the median and interquartile range (IQR) are presented. The Kolmogorov-Smirnov test was used to test for normal distribution. To compare variables between groups, the χ 2 test was used for dichotomous variables and Student's t-test or median test for continuous variables, when appropriate. Receiver operating characteristic curves were used to assess the diagnostics accuracy for non-cardiac events of postoperative peak cTnT concentrations and cTnT changes compared with baseline. Optimal cut-off values were derived from receiver operating characteristic curve analyses and prior literature reports. 8 17-19 Sensitivity, specificity, and positive and negative predictive values were calculated for different cTnT cut-off concentrations. Univariate analyses were performed to examine the crude associations of preoperative and perioperative characteristics and primary end-points. Multivariate analysis was performed to examine the adjusted association of different cTnT cut-off concentrations and primary outcome.
To do so, a multivariable logistic regression model was constructed, considering all variables that were imbalanced between the arms (P≤0.10) in Table 1 . A variable was retained in the model as a confounder if it changed the odds ratio (OR) of myocardial injury and primary outcome by >10%. P-values <0.05 were considered significant in all analyses. Cardiac troponin T measurements that were performed after the occurrence of any postoperative adverse event were not included in the risk analyses.
To determine optimal sample size, a power analysis was performed before study commencement. Based on prior literature reports, we estimated the incidences of elevated cTnT concentrations and 30 day complications to be at least 10 and 15%, respectively. Based on the assumption that patients with elevated cTnT concentrations have a two-fold increased risk of a postoperative non-cardiac complication, the number of study patients needed was 437 ( power=80%, α=0.05). After 100 patients were included, an interim analysis revealed that elevated cTnT concentrations were present in at least 25% of patients and that patients with cTnT elevations had a three-fold increased risk of adverse outcome. As a result, at least 187 study patients were needed to test accurately our hypothesis that cTnT elevation is associated with adverse postoperative non-cardiac outcome in patients undergoing major abdominal surgery.
Results
Study population and outcome
A total of 210 patients were eligible for study participation and signed informed consent. Seven patients (3.3%) were excluded from the analysis for the following reasons: in two patients, surgery was cancelled; one patient was discharged from the hospital on the first postoperative day and only baseline cTnT measurements were performed; in one patient, surgery was cancelled after laparotomy was performed because of metastatic disease; and in three patients, postoperative blood samples were not collected for logistical reasons. The remaining 203 patients were included in the analysis. Baseline characteristics of all study patients are shown in Table 1 . A majority of patients underwent colorectal surgery. Fifty-three patients (26%) were diagnosed with at least one non-cardiac complication within 30 days after surgery. Postoperative sepsis (13%), pneumonia (10%), and anastomotic dehiscence (10%) occurred most frequently. Sepsis was associated with anastomotic dehiscence in 48% (13/27) of patients and pneumonia in 33% (9/27) of patients. More than half of the patients with sepsis also had respiratory insufficiency. The median length of postoperative stay was 8 days (IQR 5-13). Hospital mortality was 4% (8/203), and the median time between surgery and death was 20 days (IQR 6-33).
Preoperative cTnT concentrations and 30 day non-cardiac complications
Six-hundred and ninety cTnT measurements were performed in 203 patients. Cardiac troponin T samples were available at baseline and at day 1, 3, and 7 in, respectively, 97. 
Postoperative cTnT concentrations and 30 day non-cardiac complications
In patients with a non-cardiac postoperative complication, peak postoperative cTnT concentrations were higher before any event Table 2 . In multivariable analysis, a cTnT increase ≥100% correctly differentiated between a complicated and a non-complicated postoperative course in 80% of patients, with respect to non-cardiac 30 day events. This performance was superior to other cTnT cut-off concentrations presented in Table 2 . The corresponding area under the receiver operating characteristic curve was 0.78 (95% CI 0.70-0.87).
Multivariable analysis for cTnT increase ≥100% and 30 day non-cardiac complications, length of stay, and hospital mortality
Patients with a cTnT increase ≥100% had a four-fold increased risk (95% CI 1.6-10.1) for a non-cardiac 30 day complication independent of other risk factors (Table 3) . Postoperative sepsis, anastomotic dehiscence, respiratory insufficiency, wound infection, and bleeding occurred more frequently in patients who suffered from a cTnT increase ≥100% after surgery (Fig. 3) . After adjustment for age, gender, and a postoperative decline in renal function, a cTnT increase ≥100% was associated with a history of cerebral vascular event or transient ischaemic attack (adjusted OR 3.6, 95% CI 1.3-10.0) and pancreatic surgery (adjusted OR 3.4, 95% CI 1.1-11.2). The association between an increase in cTnT ≥100% and adverse non-cardiac 30 day outcome was observed throughout important patient subgroups, such as patients with preoperative or postoperative mild renal dysfunction (adjusted OR 6.5, 95% CI 1.2-34.6 and adjusted OR 4.7, 95% CI 1.5-14.4, respectively). As shown in Fig. 4 , an increase in cTnT ≥100% before the occurrence of any event was associated with a significant longer hospital stay (9 days, 95% CI 7-11 vs 7 days, 95% CI 6-8, P=0.004) compared with patients without an increase in cTnT ≥100%. Hospital mortality was higher in patients with an increase in cTnT ≥100% compared with patients without an increase in cTnT ≥100% [12% (4/33) vs 2% (4/165), P=0.028].
Discussion
This observational cohort study used fifth generation high-sensitive cTnT measurements to diagnose myocardial injury after major abdominal surgery in patients with risk factors for coronary artery disease and reports several new findings. First, myocardial injury after major abdominal surgery is common and associated with adverse non-cardiac 30 day outcome. Second, a relative increase in cTnT is superior to an absolute increase or peak postoperative cTnT concentration in predicting non-cardiac complications. Third, an increase in cTnT ≥100% is a superior independent predictor of non-cardiac 30 day complications after major abdominal surgery compared with other cut-off concentrations and is associated with increased length of stay and hospital mortality. The impact of perioperative myocardial infarction on fatal and non-fatal outcome after major non-cardiac surgery has previously been established. [4] [5] [6] [7] In recent years, several studies have shown that many patients sustain myocardial injury during the surgical period that does not fulfil the diagnostic criteria for myocardial infarction. These patients are characterized by mild postoperative cTn elevations, often without ischaemic features, and are at risk for increased mortality at 30 days and 1 yr after surgery. [8] [9] [10] [11] [12] [13] Landesberg and colleagues 10 were among the first to show that even small elevations in postoperative cardiac biomarker concentrations were predictive of adverse outcome. Patients undergoing major vascular surgery with mild myocardial injury had a more than two-fold increased risk of long-term mortality after adjustment for important confounders. Beattie and colleagues 11 performed a large retrospective single-centre cohort analysis in patients undergoing major non-cardiac surgery. A postoperative cTn measurement was performed in >10 000 patients and was independently associated with 30 day mortality when elevated. This association was strengthened in patients with incremental concentrations of postoperative cTn. The relationship between peak postoperative cTn concentrations and 30 day mortality after major non-cardiac surgery was confirmed by Devereaux and colleagues 8 in a prospective international cohort study. In addition, the results of that study showed that minor cTn elevations, which were below the commonly used threshold value of the assay used, were already associated with adverse outcome. Recently, Van Waes and colleagues 12 illustrated that the implementation of routine postoperative cTn measurements identified patients at risk for postoperative mortality and improved risk stratification after surgery. The results of our study confirm that postoperative cTn measurements can be used for risk stratification to identify patients at risk for adverse outcome after major non-cardiac surgery. Additionally, we demonstrate that in a population at risk for coronary artery disease a considerable variation in baseline cTnT concentrations can be present. This implies that an elevated postoperative cTnT measurement can be the consequence of a postoperative increase and a continuation of an already increased baseline value. The latter finding explains the observed increase in discriminative value of relative changes in cTnT concentrations compared with absolute peak concentrations. Although previous studies have shown an association between elevated postoperative cTn concentrations and major adverse cardiac outcome, this has not been established for non-cardiac complications. In the present study, patients with an increase in cTnT ≥100% were at increased risk for postoperative respiratory insufficiency, sepsis, anastomotic dehiscence, wound infection, and bleeding. Of all patients with a non-cardiac complication, almost half had postoperative sepsis. In patients with postoperative sepsis, the primary diagnosis was anastomotic dehiscence in a majority of patients. The exact pathophysiological mechanism of a major non-cardiac complication, such as anastomotic dehiscence, and whether or not causality exists with myocardial injury, remains unclear. During the perioperative period, patients are characterized by an increased state of coagulation, high concentrations of circulating stress hormones, and enhanced platelet reactivity. [20] [21] [22] Although the aetiology of postoperative cTn elevations is not fully elucidated, it is assumed that this is similar to acute myocardial injury in the non-surgical population. 23 Regional myocardial injury leads to stunning of the myocardium, with diastolic dysfunction and a reduced cardiac output. During the first postoperative days, this may result in important changes in peripheral blood supply, with impaired healing of local tissue and an increased risk of anastomotic dehiscence or wound infection. However, if causality exists between myocardial injury and non-cardiac complications, one would expect that preoperative use of cardioprotective drugs, such as a platelet inhibitor, β-blocker, or statin, may benefit patients and improve postoperative outcome. In our study population, the incidence of non-cardiac postoperative complications was 24% (35/144) in patients using a platelet inhibitor, β-blocker, or statin vs 31% (18/59) in patients who did not (P=0.36). Of all cardiac drugs listed in Table 1 , the occurrence of an increase in cTnT ≥100% was reduced by preoperative statin therapy (adjusted OR 0.31, 95% CI 0.12-0.76), but this was not associated with a reduction in non-cardiac postoperative complications [25% (23/93) in statin users vs 27% (30/110) in non-users, P=0.68]. Based on these results, one might argue that causality between myocardial injury and non-cardiac complications is non-existent. Instead, similar to the myocardium, other organs, such as the gastrointestinal tract, may be disposed to ischaemic injury as a result of perioperative inflammation, local vasoconstriction, and hypercoagulation. Irrespective of myocardial injury, this may result in local changes in tissue perfusion and reduced tissue regeneration, with increased risk of multi-organ disease and non-cardiac complications, such as anastomotic dehiscence, pneumonia, or wound infection. However, the present study was not primarily designed to investigate whether the risk of postoperative non-cardiac complications could be modified by a preoperative intervention to reduce cTnT elevations, and therefore, no definite conclusions can be drawn from these results. Currently, there is no accepted guideline on the appropriate postoperative change in cTnT necessary to diagnose myocardial injury. Based on the results of fourth generation cTnT assays in a large international cohort study, a peak postoperative cTnT ≥30 ng litre −1 has recently been suggested as the optimal cut-off concentration for myocardial injury in predicting 30 day mortality. 9 As a result of greater analytical sensitivity, fifth generation high-sensitive assays can detect cTnT over a low range of concentrations and facilitate reliable quantification of cTnT in healthy patients and patients with stable coronary artery disease. 17 18 Using the published 99th percentile of ≥14 ng litre −1 , 31% of patients in this study had an elevated cTn concentration before surgery. Cardiac troponin T concentrations ≥14 ng litre −1 were associated with patient characteristics that are common in the surgical population, such as increased age and mild renal insufficiency. Given this, and the fact that myocardial injury is often characterized by minor changes in postoperative cTnT concentration, a definition that is based on a significant increase in cTnT concentration compared with baseline might be preferable to postoperative peak concentrations. Previous studies have assessed the biological and analytical variability of cTnT concentrations in healthy subjects and determined reference change values necessary to define a significant increase in cTnT concentration indicative of myocardial injury. A publication by Vasile and colleagues 17 reported that a shortterm change of 85% is necessary to distinguish an increase in cTnT concentration because of myocardial injury from biological and analytical variation. In a study with similar design, performed in patients with suspected stable coronary artery disease undergoing coronary angiography, Nordenskjöld and colleagues 18 demonstrated that individual variation of cTnT was comparable to the biological variation in healthy individuals. A change in hs-cTnT concentration >50% was suggested by the authors to diagnose acute myocardial injury. In our study population, a postoperative increase in cTnT of at least 50 and 85% were present in 35 and 19% of patients, respectively. The negative predictive values of the different cTnT cut-off concentrations presented in Table 2 varied between 76 and 85%, meaning that patients with a 'negative' test result had a ∼80% chance of an uncomplicated postoperative recovery, irrespective of what cTnT cut-off concentration was applied.
The positive predictive value of a two-fold increase in cTnT was substantially higher compared with other cut-off concentrations for myocardial injury and can be useful to identify patients after major abdominal surgery at risk for non-cardiac complications. The data presented in Table 2 support the fact that using different cut-off criteria will involve some trade-offs between sensitivity and specificity. Multivariable analyses showed that a diagnostic cut-off for a postoperative increase in cTnT ≥100% was superior in differentiation between uneventful and complicated recovery, with respect to non-cardiac 30 day complications. However, using this cut-off in daily practice will lead to a substantial number of patients in whom myocardial injury might be falsely ruled out based on too small an observed increase in cTnT, and one might argue that this approach is too conservative. In our opinion, a conservative approach in diagnosing myocardial injury seems justified at the moment, because a specific strategy for asymptomatic postoperative cTn elevation is lacking, and possible treatment benefit or harm in patients with myocardial injury remains unknown. 24 The results of our study confirm that postoperative cTn measurements can be used for risk stratification after major non-cardiac surgery, as has been demonstrated previously by others. [8] [9] [10] [11] [12] [13] Regarding non-cardiac 30 day outcome, the positive predictive value of a two-fold postoperative increase in cTnT can provide the physician with important prognostic information after abdominal surgery and may aid clinical decision making in patients who experience a delayed recovery without apparent cause. Although a clear therapeutic strategy for patients with cTn elevations is currently lacking, serial postoperative cTn measurements can be used as a marker to improve postoperative care. In a recent study by Ausset and colleagues, 25 postoperative cTn was measured during the first 3 days in patients after major orthopaedic surgery. After an in-depth analysis of factors that were possibly associated with myocardial injury (i.e. hypoxaemia, anaemia, hypotension, tachycardia, and hyperglycaemia) an improvement programme with simple therapeutic interventions was initiated to enhance postoperative care. The authors reported a 56% reduction in the incidence of myocardial injury and a 75% reduction in the incidence of major adverse cardiac events at 1 yr after implementation of the quality-of-care protocol. Based on these results, gastrointestinal surgeons may choose to use postoperative cTn monitoring after major surgery to identify patients at risk for adverse outcome or as a simple benchmark tool for future interventions that affect the quality of perioperative care. In this respect, we recommend using a fifth generation high-sensitive cTn assay and interpretation of postoperative cTn results compared with baseline.
This study is one of the first to demonstrate an association between high-sensitive cTnT elevations and adverse non-cardiac 30 day outcome after major abdominal surgery. The strengths of this study include a preoperative cTnT measurement in 98% of patients and interpretation of postoperative cTnT concentrations with respect to pre-existing elevations. In each postoperative blood sample the plasma creatinine concentration was measured, and the association between postoperative cTnT concentrations and adverse outcome was adjusted for a decline in eGFR. Cardiac troponin T measurements that were performed after the occurrence of any postoperative event were not included in the analyses, and only one patient was lost to follow-up. A model that used an increase in cTnT ≥100% had good discrimination with respect to non-cardiac events.
We recognize that our study has several limitations. First, this study was performed in a selective group of patients at risk for coronary artery disease who were undergoing high-risk abdominal surgery and may not be representative of the general surgical population. Second, although we aimed to include patients undergoing high-risk abdominal surgery, patients undergoing a gastric bypass procedure had relatively few postoperative complications and no hospital mortality. This may have influenced our results.
Conclusion
A postoperative increase in cTnT ≥100% compared with baseline is a strong predictor of major non-cardiac 30 day complications, increased hospital stay, and hospital mortality in patients undergoing abdominal surgery. Our data suggest that one in two patients with a two-fold increased postoperative cTnT concentration will suffer from a major non-cardiac complication within 30 days after surgery. Postoperative monitoring of cTnT concentrations can be used to identify patients at increased risk for adverse non-cardiac outcome after major abdominal surgery. Whether or not causality is present between cTnT elevations and adverse non-cardiac outcome and whether this risk is modifiable by future interventions remain to be elucidated. 
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